ICR-191, an acridine half-mustard known to cause frameshift mutations in bacteria, was used to induce Lac-mutations revertible by . The reversion rates of several of these mutations were stimulated approximately twofold by the presence of lac inducer. The stimulatory effect of inducer was attributable to gene induction rather than some other effect of inducer, since inducer did not stimulate reversion in a regulator constitutive strain. The stimulatory effect was not observed unless the gene to be reverted was induced during the period of exposure to . The presence of a strong polar (nonsense) mutation on the operator side of a frameshift mutation abolished the stimulatory effect of inducer on reversion of the frameshift mutation by ICR-191. (As expected, a nonpolar mutation on the operator side of the frameshift mutation did not affect inducer-stimulated reversion.) It was concluded that some aspect of transcription or translation, or both, in the neighborhood of the ICR-191-induced mutation stimulated reversion by ICR-191. A recA mutation had no effect on reversion by ICR-191 in the presence or absence of inducer. In one mutant, gene induction depressed reversion by ICR-191 about sevenfold. The difference between this exceptional strain and other mutants was not attributable to different genetic backgrounds but seemed to be an inherent difference in the original Lac-mutations.
When considering the molecular basis of mutation, it is natural to ask about the effect of gene activity on the mutational process. A priori one might expect the mutation rate in a gene to depend on whether the gene is induced or repressed. In addition to its relation to the mechanisms of mutation and gene induction, such an effect, in the specific case of spontaneous mutation, would obviously be of some interest in the field of evolutionary biology. [3-chloro-7-methoxy-9-(3-[chloroethyl] amino propylamino) acridine dihydrochloride] is an acridine half-mustard known to be very effective in causing frameshift mutations (additions and deletions of small numbers, not multiples of three, of base pairs) in bacteria (2, 3, 13, 14) . Frameshift mutations induced by ICR-191 are revertible by . Many of the revertants are not true revertants but carry a second frameshift mutation within the same cistron as the original mutation. Internally suppressed mutants of this type were first described by Crick et al. (4) . We have observed that ICR-191 is an effective mutagen under conditions in which cell growth and induction of the lactose operon take place normally. In this report, we show that the activity of the structural genes of the lactose operon affects the rate of reversion by ICR-191 of certain Lac-mutations.
MATERIALS AND METHODS Media. The minimal medium was M63 (16) invariably supplemented with 5 ,g of thiamine/ml and sometimes supplemented with 0.25% Casamino Acids (CAA). Carbon-energy sources were glycerol (0.2%), glucose (0.5%), or lactose (0.5%). Isopropylthiogalactoside (IPTG) was used as inducer at 5 x 10-4 M. f,-Galactosidase was assayed by the method of Pardee, Jacob, and Monod (16) . Complete agar was lac-tet (7) .
Bacteria. The principal strains used are listed in Table 1 . LH97, LH98, and LH99 were isolated after acridine orange treatment of many Lac+ segregants of LHII9 (see reference 8 for details). LH133, LH138, LH143, LH145, LH152, and LH161 were isolated from their respective progenitors as Lac-segregants (red colonies) on lac-tet agar. After purification, each was tested for inability to segregate Lac+ recombinants on lactose-minimal agar, ability to give lac+ recombinants when mated with an F-carrying a different Lac- +  D6  +  D6  +  D6  3  G7  3  G7  3  L32  3  G7  3  D6  +  2   +   2  +  L32  +  D6  +  L32  +  L32  +  D6  +  D6  +  D6  +  L32  3  +  3  +  +  U131  +  U 131, D23 . To the right of each mutation name is given the ratio of reversion rate in the presence of IPTG to reversion rate in the absence of IPTG. Mutations U131 and 4 are not frameshift mutations but were employed in this study.
give a final concentration of 10 ,g/ml. The culture was immediately split into two subcultures. Inducer was added to one of the subcultures, and both were then incubated with shaking. All manipulations and incubations with ICR-191 were carried out in dim light. After a 1-or 2-hr incubation with mutagen, each culture was washed twice by centrifugation and plated (after suitable dilutions) on lactose-minimal and complete agar to measure the ratio of Lac+ cells to total viable cells. Background frequencies were approximately 10-7 Lac+/total or less. Lac+ mutant frequencies obtained after a I-hr exposure to mutagen ranged from about 10-6 to 10-1 Lac+/total for the 24 strains listed in Fig. 1 .
The ratio of reversion rate in the presence of inducer to reversion rate in the absence of inducer is given in Fig. I for each strain. Each number represents an average of at least two independent measurements. The best indication of the reproducibility of these measurements is provided by the data obtained with L32, the mutant we have studied most extensively. The ratio given in Fig. I for this strain is the sample mean obtained from 12 independent experiments; the sample standard deviation for these 12 measurements was equal to 16% of the sample mean (estimated standard deviation of the mean was 5% of the mean). The ratios given in Fig. I Is ICR-191 mutagenesis influenced by gene induction or by the inducer molecule per se? Strain LH157, which carries a regulator constitutive mutation (I-phenotype) and L32, was isolated to answer this question. Clearly, if it is the induction of the Z gene and not the inducer molecule per se which is critical, then inducer will not stimulate mutagenesis by ICR-191 in this strain. Indeed, the frequencies of reversion of LH157 in the presence and absence of inducer were identical (2.24 x 10-5 and 2.29 x 10-5, respectively, after a 1-hr exposure to 10 ug of ICR-191/ml). We conclude that some aspect of gene expression and not the inducer molecule itself stimulates the rate of ICR-induced reversion of the L32 mutation. The same conclusion holds for the D6 mutation since LH159 (which is I-) gave the same frequency of reversion to Lac+ in the presence and absence of inducer (about Lac+/total after a 1-hr exposure to 10 Table 2 would be more in line with our previously mentioned figure of 10-' it the data were given in terms of Lac+ colonies per total viable cells, donors and recipients, present at the time of sampling.)
In control experiments, LH139, which carries U131 and no frameshift mutation, was used in place of the double mutants to measure the efficiency at which U131+ was inserted by the F-lac donors. The results (see last entry in Table 2 for one experiment) showed that the efficiency of insertion is about 20% and is unaffected by the presence of inducer in the recipient's medium prior to the mating. This very high frequency of recombination within the Z gene is attributable to the fact that after the F-lac is transmitted to the recipient it is permitted many chances for a "mitotic recombinational event" during the residual growth of the heterozygous merodiploid on the lactose-minimal plate.
The results with LH141 and LH175 (Table 2) show that the strong polar mutation virtually abolished the stimulatory effect of inducer on the ICR-191-induced reversion of L32 and D23. Conversely, as expected, when a nonpolar mutation was located on the operator side of D23 (in strain LH147), inducer gave a greater than twofold stimulation of reversion of D23, which is usual for this mutation. These results are consistent both with our picture of the effect of gene induction on mutagenesis by ICR-191 and with current ideas about polarity. In particular, the results rule out a model in which the reversion of L32 or D23 is affected solely by the state of the operator (viz., bound to repressor or not): LH141 and LH175 presumably are capable of normal inducer-repressor-operator interactions (revertants are inducible). We conclude that some aspect of normal transcription or translation, or both, in the neighborhood of the frameshift mutation influences the back-mutation rate, and that this particular aspect of gene expression (which we expect to be closely associated with the Z gene because of its effect on mutation) does not function normally on the operator-distal side of a strong polar mutation.
Effect of recA on reversion by ICR-191. One model for the mechanism of action of acridines in mutagenesis involves a recombination step (12) . Certain bacterial mutants, designated Rec-, are defective both in the ability to recombine linked genetic markers and in the ability to recover from damage to DNA induced by ultraviolet light. Therefore, it is obviously of interest to investigate the effect of rec mutations on ICR-191-induced mutagenesis. We found, using strains LH164 and LH165, that recA had no significant effect on reversion of L32 or D6 by ICR-191, either in the presence or in the absence of inducer. The recA marker did have a marked effect on the ability of LH 164 and LH 165 to form colonies on complete agar after exposure to mutagen. After exposure to 10 ,ug of ICR-191/ml for 60 min, about 90% of the cells of these two strains did not form colonies on complete agar. (The same treatment had essentially no effect on the viability of LH132 and LH16.) The ratios of Lac+ revertants to total viable cells were approximately the same as in recA+ strains, however. For example, in a typical experiment (20) . VOL. 106, 1971 Our result with the recAI mutants also appears to contradict a proposed mechanism for the action of acridines involving recombination (12) . It is, of course, not clear that the mutagenic action of ICR-191 is basically the same as that of acridines in bacteriophages. It is perhaps worth noting in this regard that the complex concentration dependence of ICR-191 mutagenesis in E. coli (Fig. 2) is rather similar to the concentration dependence of proflavine mutagenesis of intracellular bacteriophage T4 (5). Streisinger et al. (17) have proposed a mechanism for the production of frameshift mutations involving mispairing errors occurring during the repair of single-strand interruptions in a region of repeating bases or repeating base doublets in a double-stranded DNA molecule. They have suggested that acridines act to stabilize improbable mispairing configurations, thereby making the repair of mispaired regions more likely. This model generates deletions and additions by slightly different mechanisms (nuclease action is required in the formation of deletions but not additions), thereby making it possible for gene expression to affect the formation of these two classes of frameshift mutations in different ways. An obvious line of pursuit of the idea that gene expression influences ICR-191 mutagenesis by affecting DNA repair is to employ various mutants defective in DNA repair.
Finally, it should be of interest to note that the length of the segregation lag observed after ICR-191 mutagenesis (Fig. 3) should depend in a simple way on the position of the reverted gene in the sequence of gene replication, as pointed out by Vielmetter, Messer, and Schutte for mutations induced in growing cultures by short pulses of nitrosoguanidine (19) . This proposition is presently under investigation.
